A series of photosensitizers for NiO-based dye-sensitized solar cells is presented. Three model compounds containing a triphenylamine donor appended to a boron dipyrromethene (bodipy) chromophore have been successfully prepared and characterised using emission spectroscopy, electrochemistry and spectroelectrochemistry, to ultimately direct the design of dyes with more complex structures. Carboxylic acid anchoring groups and thiophene spacers were appended to the model compounds to provide five dyes which were adsorbed onto NiO and integrated into dyesensitized solar cells. Solar cells incorporating the simple Bodipy-CO 2 H dye were surprisingly promising relative to the more complex dye 4. Cell performances were improved with dyes which had increased electronic communication between the donor and acceptor, achieved by incorporating a less hindered bodipy moiety. Further increases in performances were obtained from dyes which contained a thiophene spacer. Thus, the best performance was obtained for 7 which generated a very promising photocurrent density of 5.87 mA cm À2 and an IPCE of 53%. Spectroelectrochemistry combined with time-resolved transient absorption spectroscopy were used to determine the identity and lifetime of excited state species. Short-lived (ps) transients were recorded for 4, 5 and 7 which are consistent with previous studies. Despite a longer lived (25 ns) charge-separated state for 6/NiO, there was no increase in the photocurrent generated by the corresponding solar cell.
Introduction
Dye-sensitized photocathodes offer a versatile means of converting sunlight into electricity or fuel by reducing the redox couple in tandem dye-sensitized solar cells, or protons in water to produce hydrogen in photoelectrochemical devices. [1] [2] [3] [4] These systems have garnered less interest compared to photoanodic systems, such as the conventional dye-sensitized solar cell pioneered by Grätzel. However, substituting the platinum electrode in a TiO 2 -based solar cell with a photocathode could provide a route to increasing the efficiency. 5 The theoretical maximum efficiency of a single junction solar cell has been calculated to be 33.4% under AM1.5 conditions but this can be increased to 45.7% by stacking two photoelectrodes in one device. 6 A more realistic maximum efficiency for DSCs of 20% has been proposed, but after 25 years of research, only 12% has been achieved. 7, 8 Matching the output from a state-of-the art TiO 2 photoanode with a dye-sensitized photocathode could lead to a step change in efficiency that would make tandem DSCs competitive with thin film devices. In order to assemble a working tandem cell, the currents on both photoelectrodes must be matched and the spectral properties of the dyes must complement each other. Typically the photocathodic current densities produced from sensitized NiO electrodes are less than half of the photoanodic currents produced by a dye-sensitized TiO 2 electrode. [8] [9] [10] To improve the performance of the working cell, dye regeneration must be able to compete with charge recombination. Therefore, the photoinduced charge-separated state must be sufficiently long-lived (ms) and unfortunately for most organic dyes adsorbed on NiO the charge-separated state lifetime is generally shorter (ca. 10 À7 s). This makes the photocathodes unsuitable for use with iodine-free electrolytes such as cobaltbased systems, which avoid the overpotential wasted in the dye regeneration step that limits the efficiency of devices using the iodide/triiodide redox couple. 11, 12 Thus, there are a number of important considerations regarding the design of photosensitizers for NiO and the best used to date contain a combination of key features of those dyes which have generated either high photovoltages or high currents in NiO-based dye-sensitized solar cells. For example, Spiccia et al. reported record efficiency NiO solar cells based on Co(en) 3 3+/2+ (1.3%) and Fe(acac) 3 3+/2+ (2.51%) using a perylene-thiophene-triphenylamine sensitizer (''PMI-6T-TPA''). 13, 14 Detailed reviews on the performance and limitations of p-type DSCs can be found in ref. 1, 2 and 33.
Based on the features of the best performing dyes, we have designed new molecular sensitizers which exhibit high extinction coefficients, donor-acceptor character and strong anchoring to the NiO surface (based on the general structure in Fig. 1 ). This article describes the electrochemical and photochemical properties of the model structures (1-3) and corresponding dyes (Bodipy-CO 2 H, 4-7) (Fig. 2) . We have chosen bodipy-based acceptor groups due to the ease of functionality and typically high extinction coefficients of bodipy compounds. [15] [16] [17] A triphenylamine motif with a carboxylic acid group as the electron donating anchoring group has been used since these have been shown to bind to NiO and perform well in push-pull photosensitizers. [18] [19] [20] [21] In order to assess the impact of the distance between the bodipy and the NiO surface on the lifetime of the photoreduced bodipy and the device performance p-spacers were incorporated into the design. Previously we reported the solar cell efficiency of dyes 6 and 7 which contain thiophene groups between the amine and the bodipy. In this study we have removed the thiophene and introduced phenyl groups between the benzoic acid and the amine in 4 and 5.
8,22
To determine whether the rotation of the bodipy around the C-C bond between the bodipy motif and the aniline affected the electronic properties of the dye and the device performance, methyl substituents were incorporated into dyes 4 and 6 but not into dyes 5 and 7. To assess the effect of these modifications on the charge transfer dynamics at the dye/NiO interface we carried out transient absorption spectroscopy and emission experiments on the dyed films and compared them to our previous results for 6.
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Results
Synthesis
Details regarding the synthesis of the bodipy molecules is provided in the ESI. † 1-4 ( Fig. 2) were prepared by reacting 2,4-dimethyl-3-ethylpyrrole with the formyltriphenylamine derivatives, followed by the coordination to -BF 2 . 5 was prepared similarly by reacting 2-(4-(tert-butyl)phenyl)-pyrrole with the formyltriphenylamine derivatives, followed by the coordination to -BF 2 . The identity of the products were determined by NMR spectroscopy (see ESI † for assigned spectra), HR ESI-MS and elemental analysis. The synthesis of 6 and 7 has been reported previously. 8, 22 4-Formyltriphenylamine and 4,4 0 -diformyltriphenylamine were prepared using the Vilsmeier-Haack reaction in 79% and 11% yield respectively, by tuning the ratio of triphenylamine : POCl 3 : DMF and the reaction time. The products were separated using column chromatography and reacted with 2,4-dimethyl-3-ethylpyrrole to give the mono and bisdipyrromethane derivatives. These were then converted to 1 and 3 by the one-pot sequential oxidation with p-chloranil followed by reaction with boron trifluoride etherate in the presence of a base (N,N-diisopropylethylamine) with reasonable yields (50% and 23% [benzaldehyde] to 4-carboxyphenylboronic acid using a palladium catalysed Suzuki coupling. This was then converted to the dye using the same procedure as for 1-3.
Dye-sensitized solar cells p-DSCs were constructed for the dyes containing acid anchoring groups (4-7 and Bodipy-CO 2 H). The relevant parameters are shown in Table 1 and the photocurrent density-voltage curves are provided in Fig. 3 . Dark current data is provided in Fig. S85 (ESI †). Modest results were obtained for devices made from the simple molecule Bodipy-CO 2 H which performed better than expected relative to the more synthetically challenging dye 4. In general, dyes containing bodipy groups which were less hindered around the b-positions (5 and 7) outperformed dyes with more restricted rotation (Bodipy-CO 2 H, 4 and 6). Substituting the more sterically hindered pyrroles of 4 for those of 5 leads to devices more than twice as efficient. We have attributed this increase in overall performance to the increased electronic communication between the donor and acceptor groups. A further increase in performance was achieved by the incorporation of a thiophene spacer (7) . Comparing this result to the similarly unrestricted 5 highlights an increase in The maximum IPCE for NiO solar cells with dyes 4 and 5 (Fig. 4) increases from 27 to 44% respectively. This is accompanied by a broadening of the spectral response, with dye 5 exhibiting the maximum photocurrent between ca. 480 and 600 nm compared to ca. 480 to 540 nm for dye 4. None of the dyes gave any reasonable photocurrent with the Co(II/III) tris (4, 4 0 -ditert-butyl-2,2 0 -dipyridyl) perchlorate electrolyte. Steady state spectroscopic studies and excited state lifetimes
The UV-visible absorption and emission properties are listed in Table 2 and plotted in Fig. 5 . For 1-4, the lowest energy absorption band (S 0 to S 1 ) has a maximum at 525-526 nm with a higher energy vibronic shoulder at ca. 30 nm from the main peak. The additional phenyl linker between the benzoic acid anchoring group and the triphenylamine in 4 did not affect the band at 525 nm but the absorption spectra contained an additional broad band at 360 nm. Adding a thiophene bridge between the amine and the bodipy to give 6 led to a 10 nm bathochromic shift in the absorption and emission spectra. Substituting the alkyl substituents around the pyrrole in 4 with a tertiary-butyl phenyl substituent in 5 lead to bathochromic shift of 14 nm in the absorption spectrum and 21 nm in the emission spectrum. Likewise the absorption and emission spectra of 7 were shifted by 25 nm and 48 nm respectively compared to 6. To summarise, the aniline auxochrome shifts the bodipy absorption maximum to the red when either a thiophene p-spacer is introduced or the methyl substituents at positions one and seven on the bodipy are absent. Appending a second dipyrromethene had no effect on the absorption maximum of 3 compared to 1 but did significantly increase the absorption coefficient of the dye from 53 800 (1) to 78 800 dm 3 mol À1 cm À1 (3). We attribute this hyperchromic affect to the increased probability of the p-p* electronic transition when two bodipy moieties are present in one molecule.
The absorption coefficient of 6 (112 000 L mol À1 cm À1 ) is significantly higher than the molar absorption coefficient of 3 and 4 which both contain two bodipy chromophores. A bathochromic and hyperchromic shift is characteristic of increasing the conjugation of the chromophore. The shift between 4 and 6 may result from the smaller thiophene being less effected than phenyl by the steric hindrance of the 1,7 methyl substituents on the bodipy. By comparison, the absorption coefficient of 5 and 7 are similar, possibly because the rotation around the bodipy/thiophene (5) or bodipy/phenyl (7) is unhindered. The absorption spectrum of both 5 and 7 were significantly broadened compared to 4 and 6 but the absorption coefficients were much lower. We attribute the lowering of the absorption coefficient to a switch from a bodipy-localised p-p* transition (4 and 6) to a charge-transfer transition (5 and 7) from the amine to the bodipy due to the free rotation around the C-C bond between the bodipy and the thiophene or phenyl moiety. The presence of the electron withdrawing ester groups on the triphenylamine in 3 had very little effect on the absorption wavelength or extinction coefficient, which is consistent with the DFT calculations (see below). For Bodipy-CO 2 H, the absorption and the emission maxima were red-shifted by 3 nm and 5 nm respectively relative to 1 and 2. The solvent dependence for Bodipy-CO 2 H was similar to the triphenyl-amine-bodipy conjugates. A bathochromic shift (7 nm for the absorption Table 1 Photovoltaic performance of p-DSCs a J sc is the short-circuit current density at the V = 0 intercept, V oc is the open-circuit voltage at the J = 0 intercept, FF is the device fill factor, Z is the power conversion efficiency. b IPCE is the monochromatic incident photon-to-current conversion efficiency; APCE is calculated using APCE = IPCE/ LHE where LHE = 1 Â 10 ÀA where A is the absorptivity of the dye-sensitized NiO at l max . maximum and 14 nm for the emission maximum), rather than a slight hypsochromic shift, was observed when the solvent was switched from acetonitrile to dichloromethane. Substantial fluorescence was observed in dichloromethane solution for 1-4 and 6 at room temperature (l ex = 500 nm) and the spectra were mirror images of the S 0 -S 1 transition in the absorption spectra as expected ( Fig. 5 (inset) ). The wavelength at maximum emission was 542 nm for 1-3 and 539 nm for 4 in dichloromethane. The small stokes shift (17 nm) is indicative of little reorganisation in geometry between the ground and excited states. While 5 was more emissive in dichloromethane compared to acetonitrile and acetone (f = 0.02 in acetonitrile, f = 0.03 in acetone, f = 0.15 in dichloromethane), the quantum yields were much lower than 4 (f = 0.38 in dichloromethane). Excitation of the higher energy band of 5 (at 400 nm) led to very weak emission from the bodipy in acetone and tetrahydrofuran, no emission in acetonitrile and weak, dual emission bands centred at ca. 500 nm and 600 nm in dichloromethane. 7 was non-emissive in most solvents, displaying only weak emission in acetone and chloroform, as reported previously.
Kollmannsberger and coworkers observed quenching of a dimethylaniline-bodipy derivative in acetonitrile and restoration of the fluorescence on protonation. 23 In their studies, emission from a charge-transfer band at ca. 600 nm was observed when diethyl ether was chosen as the solvent. We observed a very weak band at 700 nm (Fig. S47 , ESI †) which was absent in the dichloromethane spectrum and could be due a small amount of charge transfer or intersystem crossing to the triplet state. 24 Phosphorescence is rarely observed from bodipy chromophores because of the slow rate of intersystem crossing (10 6 s
À1
) in the absence of the heavy atom effect. 16, 25 The effect of solvent on the electronic spectra of 4-7 is consistent with the trend in increasing communication between the amine and the bodipy as (a) a thiophene spacer is introduced and (b) the methyl substituents at positions one and seven are removed. For 4 (and 1-3), only a slight shift in absorption maximum with solvent polarity (Fig. S36-S49 , ESI †) was observed, which is not indicative of donor-acceptor interactions in the ground state. The emission quantum yield for 4 was F = 0.38 in dichloromethane, which is approximately half that reported elsewhere for 1,3,5,7-tetramethyl-2,6-diethylbodipy, 17, 26 and in acetonitrile the emission was quenched (F = 0.02). There was a 4 nm hypsochromic shift for 6 on switching the solvent from dichloromethane to acetonitrile but the molar absorption coefficient was the same in both solvents. In contrast, the emission was strongly solvent dependent ( Fig. S48 , ESI †). The Stokes-shift decreased with increasing polarity CH 2 Cl 2 (16 nm) > THF (14 nm) > acetone (8 nm). Unlike the thiophene-free molecules, the emission spectrum of 6 was solvent dependent. When 6 was excited in the higher energy absorption band, the emission was similar in shape to 1-4 with the maximum at 560 nm. When 6 was excited in the higher energy absorption band (406 nm) it emitted at higher energy in CH 3 CN solution (475 nm) than when in CH 2 Cl 2 (560 nm). According to DFT calculations (see below) the higher energy band is a triphenylamine-based transition and the lower energy band is a bodipy-based transition. TDDFT calculations (Fig. S28-S31 , ESI †) are in agreement with the stabilisation of a charge transfer transition in acetonitrile compared to in dichloromethane where the bodipy p-p* transition is more favourable.
The excited state lifetimes for 1-4 were approximately 6 ns, which is characteristic of a bodipy singlet excited state. a Emission quantum yield (F) measurements were carried out in dichloromethane and compared to rhodamine 6G in ethanol (0.94).
b Obtained from the intercept of the normalized absorption and emission spectra plotted in the ESI.
c Obtained from TD-DFT calculations; HOMO values are with respect to vacuum.
d Non-emissive in dichloromethane. The excited state lifetimes measured using single photon counting (l ex = 460 nm) decreased as the polarity of the solvent increased: dichloromethane (5.6 ns) > THF (4.6 ns) > acetone (3.7 ns) > acetonitrile (0.96 ns). The emission lifetime (l ex = 400 nm) was slightly shorter for Bodipy-CO 2 H than 1 and 2 and was almost unaffected by the polarity of the solvent (a slight decrease was observed with decreasing polarity), whereas for 1 and 3 the emission lifetimes slightly increased. In dichloromethane solution, the emission lifetime of 5 was shorter than 4 and was shorter than the resolution of the instrument for the thiophene-containing dyes 6 and 7.
Density functional theory
To aid interpretation of the optical and electrochemical properties, DFT was used to predict the optimised geometry and the relative frontier orbital energies of Bodipy-CO 2 H and 1-7 ( Fig. 6  and 7 and Fig. S23-S35 , ESI †). The minimised structures are similar for each triphenylamine-bodipy conjugate: the triphenylamine geometry is trigonal planar; the planar motif contains a tetrahedral boron centre coordinated to two orthogonal fluorine atoms and each molecule has the aminophenyl spacer perpendicular to the plane of the dipyrromethene (Table S2 , ESI †). Likewise, the calculated optimised geometry of 6 placed the bodipy at slightly smaller angles of 841, 851 to the thiophene compared to 851, 891 to the phenyl for 4. However, the dihedral angle between the aminophenyl spacer and the plane of the dipyrromethene is much smaller (521, 541) for 5 compared to 4. Likewise the dihedral angle between the thiophene spacer and the plane of the dipyrromethene is much smaller (441, 481) for 7 compared to 6. The increased ability to rotate around the bond between the bodipy and the spacer in 5 and 7 is consistent with the optical properties described above. These results suggest that the electronic coupling between the amine donor and bodipy chromophore increases when thiophene is introduced between the bodipy chromophore and the aniline donor and in the absence of methyl substituents at positions one and seven on the bodipy. Fig. S23 -S35 (ESI †) show the electronic distribution in the frontier orbitals of 1-7. For 4 the HOMO/HOMOÀ1 and LUMO/ LUMO+1 orbitals are localised on the dipyrromethene moieties while the HOMOÀ2 is localised on triphenylamine. In 5-7 the HOMO is localised on the triphenylamine donor-benzoic acid anchor (including the thiophene in 6 and 7). The HOMOÀ1 and HOMOÀ2 (degenerate in energy, shown in Fig. S24 , ESI †) are localised on the dipyrromethene moieties. The LUMO is also delocalised across the dipyrromethene motifs, with 5 also having electron density on two out of three phenyl groups on the amine donor. The LUMO and LUMO+1 of 6 and 7 differ from 4 and 5 by the presence of electron density on the thiophene as well as the bodipy.
The selected major transitions, associated oscillator strengths and simulated electronic spectra are provided in Fig. 6 for 4, Fig. 7 for 5 and are presented in Table S3 and Fig. S23 and S24 (ESI †) for 1-3. The vertical excitation energies calculated from the optimised geometries using timedependent DFT (TD-DFT) were in good agreement with the experimental values (above).
The lowest energy singlet excitations appear at 445 and 456 nm for 4 which correspond with a HOMO -LUMO bodipy localised p-p* transition (with a combined oscillator strength of 1.32) while for 5 these appear at 592 and 554 nm which correspond to HOMO -LUMO and HOMO -LUMO+1 transitions which involve charge-transfer from the triphenylamine to the bodipy. The higher energy transition for 5 corresponds with the HOMOÀ1 -LUMO transition, which is primarily localised on the bodipy and therefore has p-p* character.
The lowest energy singlet excitations calculated for 6 and 7 (calculated using B3LYP) were also charge-transfer in nature 
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(from the triphenylamine-based HOMO -bodipy-based LUMO or LUMO+1) but for 6 the oscillator strength was very low (0.0066), with similar results observed for 4 calculated using B3LYP. As this was inconsistent with the high absorption coefficient of these dyes, we also carried out calculations using CAM-B3LYP for 6 and 7 ( Fig. S30 and S32b, ESI †) which predicted the lowest energy transitions for 6 (458-459 nm) to be HOMOÀ1 -LUMO which is p-p* in character with a larger oscillator strength (total of 1.319), which fit more accurately with experimental observations. For 7 the lowest energy excitation (495 nm) was HOMOÀ1 -LUMO which is again bodipy based with high energy excitations (446 and 432 nm) corresponding to HOMO -LUMO transitions which have charge transfer character, however a closer agreement of spectral shape and excitation energy was seen for the B3LYP calculations. An overestimation of the excitation energies compared to the experimental values is observed for the TD-DFT calculations, which is consistent with calculations on similar molecules (ca. 0.3 eV for B3LYP and 0.5 eV for CAM-B3LYP). 28 
Electrochemical studies
The cyclic voltammograms for compounds 1-3 and 4-5 are shown in Fig. S77 (ESI †) and Fig. 8 respectively and Table 3 summarises the electrochemical data. In order to obtain a peak separation for the reversible waves of 59 mV, as expected for Nernstian behaviour, a strong concentration of supporting electrolyte (0.5 M) was required because of the low dielectric constant of the solvent. The voltammograms of the dyes contained reversible reduction and irreversible oxidation waves when scanning at 0.2 V s À1 .
Scanning in the positive direction gave two redox couples (I and II) which overlapped for 1 and 3 in the cyclic voltammogram but were separated by 11 and 23 mV respectively in the square wave experiment (Fig. S22 and Table S1 in the ESI †). In the cyclic voltammetry experiment I and II are separated by 320 mV for 2, with I, assigned to the triphenylamine, shifted +190 mV relative to 1 because of the electron withdrawing esters. The electrode potential I, associated with the amine, is unaffected by the electron withdrawing carboxylic acid group when separated by the extra phenyl unit in 4 and 5.
Scanning in the negative direction gave one reversible redox couple (III). The peak currents were approximately equal, an indication of the good stability of the radical ions. The redox potential of III was similar for 1-4 which suggests that the electron withdrawing ester groups affect the oxidation potential of the dye but not the reduction potential, but shifted by around 400 mV to a more positive potential for 5. This is in agreement with the DFT calculations which indicate that the LUMO is located on the dipyrromethene at similar energies for each dye but shifted for 5. For 3 and 4, the potentials for II and III were similar to those for 1 but the peak currents were double those of 1 and 2, in agreement with two electron reduction and two electron oxidation of bodipy pair. Since there does not appear to be electronic communication between the two bodipy centres, these are considered to be two, one-electron processes and not one, two electron process. The peak current for the reversible waves in process I were approximately half the size of processes II and III, consistent with the hypothesis that this is associated with oxidation of the triphenylamine moiety. Subtracting the E 0-0 value (2.32 eV) from the reduction potential gives an estimate of the reduction potential of the excited state. These are 0.64 V for 1, 0.67 V for 2, 0.63 V for 3, 0.69 for 4 1.05 V for 5, 0.84 for 6, 1.03 for 7 and 0.69 for Bodipy-CO 2 H and are approximately equal to the first oxidation potentials measured by cyclic voltammetry. Only the redox potentials for process I in 4-7 are less positive than this indicating that chargetransfer from triphenylamine to the excited dipyrromethene is less likely to occur in 1-6 than in 4-7.
Spectroelectrochemistry
Spectroelectrochemistry was performed on 1, 2, 4, 5 and 7 in order to determine the absorption spectrum of the reduced and oxidised species (4/5 are shown in Fig. 9, 1, 2 and 7 are in the ESI, † 6 has been reported previously 22 ). Table S6 (ESI †) gives the peak maxima and extinction coefficients for the oxidised and reduced species for 1-4. This information can be used to assign the species in the cyclic voltammetry and transient absorption spectra (see below) as well as demonstrating the stability of the dyes on oxidation and reduction. Reduction of the 1-6 was accompanied by a bleach of the bodipy absorption at 526 nm and the appearance of a peak at 582 nm. 29 The absorption bands differed slightly in the UV region. Unlike 1 and 4, where the reduction progressed through a series of well-defined isosbestic points, the reduction of 2 showed the development, then depletion of bands, best observed in the region between 400-500 nm. This could be attributed to the electron withdrawing ester groups stabilising the bodipy radical anion. The reduction of dye 5 corresponded with a bleach of the bodipy absorption at 561 nm but unlike 1-4 no corresponding growth was observed at lower energies, only the appearance of a peak toward the UV region. For dye 6 a bleach of the bodipy at 540 nm and the formation of a peak at 595 nm was observed upon a potential sweep to À1.5 V. 22 For dye 7 (Fig. S72, ESI †) the bleach of the bodipy at 565 nm was accompanied by the growth of a band at 630 nm. Oxidation of 2 and 4 was accompanied by a bleach of the bodipy absorption at 526 nm and a growth in the peak at 407 nm attributed to oxidation of the bodipy as predicted above. For comparison, the spectroelectrochemistry of triphenylamine has been described previously. On oxidising triphenylamine, Chiu et al. 30 reported a peak at 696 nm and Chung et al. reported a peak at 660 nm. Oxidation of 5 corresponded with the bleach of the absorption at 561 nm and the growth of a broad peak at 605 nm that extended toward the near-IR region alongside the growth of a band at 450 nm. Similarly, oxidation of 7 (Fig. S73 , ESI †) was accompanied by the bleach at 565 nm and the growth of a broad absorption at 600-800 nm and a band at 450 nm.
This is consistent with
The spectra recorded at the beginning and the end of the experiments show the extent of reversibility of the reduction and oxidation reactions and are provided in Fig. S74-S76 in the ESI. † We note that for 2, although the reduction appears to be chemically reversible from the cyclic voltammetry and there was almost complete restoration of the ground state absorption spectrum, a small shoulder developed at ca. 550 nm. Since this was not observed for the other dyes, we attribute this to irreversible changes associated with the ester. Subsequent reduction of 4 + returns the spectrum to the same spectral shape as 4 but there is a loss of intensity in the main band; oxidation of 4 À restores the main band at 526 nm but the high energy region is changed. We attribute these changes to the presence of the carboxylic acid.
Transient absorption spectroscopy
Charge transfer dynamics of dyes Bodipy-CO 2 H, 4, 5 and 7 were investigated by femtosecond time-resolved transient absorption spectroscopy in order to evaluate the charge separation at the dye-NiO interface. Details are provided in the Experimental section. The dyes were studied when dissolved in CH 2 Cl 2 to characterise the excited state and when adsorbed onto nanocrystalline NiO films to explore the formation and decay of the NiO + / dye À charge-separated state. The data was fitted to a single exponential function unless stated otherwise. The transient absorption spectra of 6 have been reported by us previously.
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The transient absorption spectra of Bodipy-CO 2 H, 4, 5, and 7 in CH 2 Cl 2 and adsorbed on NiO are presented in Fig. 10 . The time constants corresponding to the kinetic traces ( Fig. 10 inset and Fig. S82-S84 , ESI †) are presented in Table 4 . The spectral shape of Bodipy-CO 2 H and 4 in CH 2 Cl 2 excited at 532 nm are generally similar (Fig. 10) . The bleach centered at ca. 530 nm corresponds to the ground state absorption of Bodipy-CO 2 H and 4. The ground state recovered with t E 2-3 ns. 32 The difference in time constants for the decay of the excited state and the recovery of the ground state is probably due to the overlap of the ground state recovery and stimulated emission signals, which were observed at early time delays in the solution spectra of all four dyes. Consistent with the ground state absorption spectrum, excitation of 5 in solution generated a broader bleach, which extended across the visible region until 620 nm and decayed more rapidly with t E 65 ps.
A large positive absorption between 460-500 nm was observed for Bodipy-CO 2 H and 4, which was attributed to the singlet excited state. These transients formed within 1 ps and decayed with t = 1.1 AE 0.3 ns. The lifetime of the singlet excited state of Bodipy-CO 2 H recorded in solution by transient absorption spectroscopy was slightly shorter than that measured by single photon counting (1.1 ns vs. 3 ns). This difference could be due the lifetime being close to the resolution of the instrument used for single photon counting. The transient spectra previously observed for 6 were similar in shape initially, but evolved over ca. 400 ps to be replaced by the triplet excited state spectrum (with absorption bands at 425 and 650 nm, t E 300 ns). 21 In Fig. 10 there is no indication of triplet species in any of the spectra. However, in the transient spectra of 4 and 5 a second, small absorption at 710 nm grows in over t = 25 AE 3 ps for 4 and t = 1.4 AE 0.1 ps for 5. These subsequently decay on a similar timescale to the bleach (t = 3.8 AE 0.9 ns for 4 and 68 AE 2 ps for 5). This transient resembles an oxidised triphenylamine (Seo et al. reported l max [TPA + ] = 640 nm in acetonitrile 20 ).
The appearance of this transient suggests that some chargetransfer from the amine group occurs but absorption corresponding to the bodipy-based radical anion (expected at l = 582 nm for 4 from the spectroelectrochemistry data above) is either absent or is swamped by the stimulated emission. Excitation of 7 in CH 2 Cl 2 solution generated a feature which absorbed broadly across the visible region up to 720 nm, which we have attributed to the first singlet excited state. This feature broadened, red-shifted slightly and increased in intensity over t = 1.0 AE 0.4 ps. The broad absorption is consistent with the spectrum for a reduced bodipy and we infer that the excited dye transfers charge from the amine to the bodipy, forming an intramolecular chargeseparated excited state. The peak at 700 nm which was observed for 4 and 5 was absent. The higher and lower wavelength regions of the transient were fitted to first-order decay and the time constants were consistent (t 472 = 0.19 AE ns and t 650 = 0.21 AE 0.1 ns) indicating that both are due to the same excited state. The bleach centered at 565 nm decayed with a fast (t = 0.60 AE 0.03 ps) and slower (t = 0.19 AE 0.01 ns) component. The faster component is likely to be due to overlap with stimulated emission which should be centred at 630 nm and causes a negative absorption at 700 nm at early time delays. The spectral features between 460-500 nm in the transient spectra for the dyes adsorbed on NiO (Fig. 10) were similar to those of the dyes in solution and formed within the time resolution of the instrument. Stimulated emission was observed at early time delays for Bodipy-CO 2 H/NiO and 4/NiO but not in 5/NiO and 7/NiO. The excited state of the dyes on NiO decayed three orders of magnitude faster (t 485 = 4.1 AE 0.6 ps for Bodipy-CO 2 H/NiO, t 485 = 5 AE 1 ps for 4/NiO) than the dyes in solution, which suggests that in both cases the excited state is rapidly quenched by electron transfer from the NiO to the dye. Consistent with this, a broad, weak absorption persists at wavelengths longer than 600 nm in the transient spectra of Bodipy-CO 2 H/NiO, which is characteristic of holes introduced in NiO (t 700 = 24 AE 4 ps, see Fig. S81 in ESI †), and a weak feature at 580 nm, which is characteristic of the bodipy radical anion. Likewise, contrary to 5 in solution, a single isosbestic point at 620 nm was observed for 5/NiO (suggesting that a single transient species formed) and the transient at 700 nm decayed five times faster for 5/NiO (t 693 = 13 AE 1 ps), than for 5 in CH 2 Cl 2 . The presence of these features suggests that photoinduced electron transfer from NiO to the dye occurs with the subsequent formation of a charge-separated state,
The signals were too weak for 4/NiO to extract meaningful kinetics. In the transient absorption spectra for 7/NiO adsorbed onto NiO the negative absorption corresponding to the ground-state bleach was broader than for 7 in solution due to the electronic interactions between the dye and the NiO. A transient which absorbed broadly between 460 and 500 nm 
Discussion
The performance of the p-DSCs, particularly the photocurrent, was strongly dependent on the dye structure. The IPCE of a solar cell is a product of the different charge transfer processes occurring within the operational device (IPCE = LHEÁZ inj ÁZ cc Á Z reg ). 33 We assume that the charge collection efficiency (Z cc ) is similar for each of the dyes (1) because the charge transport times should be similar for each device as the semiconductor and redox mediator are the same; (2) the charge lifetimes were similar between the dyes, apart from a slight improvement for the larger dyes (5-7) (Fig. S91-S93 , ESI †). The charge injection efficiency (Z inj ) is estimated from the ratio of the excited state lifetime in the absence and the presence of NiO. The time resolved transient absorption experiments (see above) and time-resolved emission studies (Fig. S72-S74 , ESI †) have indicated that electron transfer from the NiO to the dye occurs rapidly (ops) for dyes 4-7 and Bodipy-CO 2 H. This is despite the differences in the rate of intramolecular charge separation in the dyes in solution, which were at least 10-20 times slower for 6 and 4 compared to 5 and 7. Also, this is despite shorter excited state lifetimes for 5 and 7 compared to 4 and 6 (although we note that the driving force for charge separation is ca. 100 meV larger for 5 compared to the other dyes). Thus, it appears that the dye regeneration efficiency (Z reg ) is responsible for the more substantial differences in the IPCE. We expected that a long lived charge-separated state would favour photoinduced electron transfer between the dye radical anion and triiodide and increase the IPCE. The driving force for electron transfer from the reduced dye to triiodide is 4 > Bodipy-CO 2 H > 6 > 7 > 5. À only) at early (2 ps) and late (2 ns) times. Therefore a possible explanation for the low IPCE of 6 compared to 7 could be that yield of the charge-separated state is lower for 6 compared to 7 because, in 6, the rotation around the bodipy/thiophene spacer is more restricted. The IPCE for dye 7 is high for a NiO solar cell despite t o 1 ns for NiO + /7
À . This implies that re-oxidation of the Table 4 Summary of time constants from the transient absorption spectra of 4-7. Data for 6 and 6/NiO is taken from Lefebvre et al.
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Solution NiO Dye (l/nm) t/ps Transient (l/nm) t/ps dye by the I 3 À electrolyte is very efficient. Further investigation is required to determine whether certain functional groups on the dye promote rapid electron transfer to I 3 À .
Conclusions
We have successfully prepared and characterised a number of NiO photosensitizers based on triphenylamine-bodipy conjugates. The results have provided us with guidelines for designing molecular dyes for p-type solar cells. Adding the thiophene spacer between the amine and the bodipy has a more positive affect on the solar cell efficiency than adding phenyl between the anchor and the amine donor. This could be a result of the better electron donating properties of thiophene compared to phenyl. Bodipy-CO 2 H performed similarly to 4 suggesting that the amine donor is not required for charge separation. The less substituted bodipy dyes 5 and 7 had a broader spectral response and a higher IPCE which collectively led to a higher short-circuit photocurrent density. We attribute this to better electronic communication between the NiO and bodipy in 5 and 7 compared to the hindered dyes 4 and 6.
